We progressively reduced the complexity of humic matter by a mild sequential removal of unbound or free components, weakly, and strongly bound molecules. The auxin-like response of residues from each step was tested using tomato (cv. Micro-Tom) seedlings expressing DR5 auxin synthetic promoter fused to the β-glucuronidase (GUS) reporter gene and the low auxin-sensitivity diageotropica (dgt) mutant. Both exogenous auxin and humic matter promoted lateral root emergence in the control, but failed to induce lateral roots in the dgt mutant. When strongly bound components were removed from humic matter by breaking the ester and ether bonds, the humic residues lost their ability to induce the DR5::GUS activity and lateral root emergence. However, these capacities were retained in the free or weakly bound molecules. These findings confirm that auxin-like activity in humic matter is associated with complex hydrophobic structures, whose simplification by hydrolysis may release auxin-like molecules.
Introduction
Direct effects of humic substances on plant root growth have been long recognised (Nardi et al., 2009 ), but the mechanism by which humic substances stimulate plant biological activities remains unresolved. Attempts to relate humic structure and biological activity have produced contrasting results . Humic molecules of relatively small mass are arranged in supramolecular associations, whose conformations are composed by hydrophilic and hydrophobic domains (Piccolo, 2002) . Hydrophilic components released from decomposing plant tissues can be entrapped into the hydrophobic domains of humic matter and thus protected from further degradation (Spaccini et al., 2002) . Entrapped compounds can be released from humic associations when these are altered by the addition of small amounts of organic acids, like those exuded by roots (Canellas et al., 2008) . There are various lines of evidence confirming that the humic substance is endowed with auxin-like activity, which influences root architecture and metabolism (Nardi et al., 2009; Trevisan et al., 2010) . Thus, it is possible that part of the observed bioactivity of humic substances in promoting root growth is due to auxin-like compounds protected inside hydrophobic domains and made available in the dynamic rhizosphere compartment. In line with this suggestion, previous works reported that hydrophobic domains in humic substances are important to preserve their biological activity (Canellas et al., 2009) .
The supramolecular concept implies that small, loosely or weakly bound humic molecules can be progressively removed by a mild sequential chemical fractionation and structurally characterised by advanced analytical techniques. This approach was successfully applied to soil humic substances (Fiorentino et al., 2006) and to mature compost (Spaccini & Piccolo, 2007) . The technique begins with a preliminary extraction in an organic solvent to displace unbound or free components. Biopolyesters derived from vegetal tissues are then hydrolysed by acidic transesterification to remove the weakly bound molecules. Next, an alkaline hydrolytic step is applied to dissolve the strongly bound humic components in more complex polyesters. Finally, the ether and glycosidic bonds are cleaved by hydrolysis with hydroiodic acid to leave a residue rich mainly in aromatic carbon.
In this work, we applied the sequential fractionation method developed by Spaccini & Piccolo (2007) on humic matter isolated from vermicompost to investigate the auxin-like effect of each residual humic fraction after sequential extraction. To assess this effect, we treated tomato [Solanum lycopersicum cv. Micro-Tom (MT)] plants with bulk humic matter and each of the residues obtained from the sequential chemical fractionation. The tomato plants were either 'wild type' or harboured the diageotropica (dgt) mutation, which reduces auxin sensitivity (Kelly & Bradford, 1986; Oh et al., 2006) , and the auxin reporter DR5::GUS (β-glucuronidase) (Ulmasov et al., 1997) to visualise auxin responses in roots (Benkova et al., 2003) .
Materials and methods

Vermicompost production
Vermicompost was obtained from a mixture of plant residues of guinea grass (Panicum maximun Jacq.) and cattle manure 5:1 (v/v). The organic residues were mixed, and earthworms (Eisenia foetida Sav.) were added at a ratio of 5 kg m −3 of organic residue. The vermicompost was produced after 120 days of incubation. The average temperature of incubation was 31.5
• C for the first 30 days and 26.2 • C for the next 90 days. The resulting vermicompost exhibited the following characteristics: pH 6.5, C:N ratio of 10:1, 134 g kg −1 organic carbon, 13.3 g kg −1 nitrogen and 16.4 g kg −1 humic acids.
Extraction and purification of humic matter from vermicompost
Humic matter from vermicompost (HV) was extracted by a 0.5 M NaOH solution. After 24 h under N 2 atmosphere, the suspension was centrifuged and the insoluble residue separated. The pH of supernatant was then adjusted to 3.0 using 6 M HCl. The resulting solution was passed through a nonionic adsorbent Amberlite ® XAD-8 resin column, and the adsorbed material was eluted out with 0.1 M NaOH. The eluted solution was adjusted to pH 7 with 1 M HCl and freeze-dried. The HV was redissolved in a reduced volume of distilled water and dialysed [14 kDa molecular weight (MW) cut-off] against deionised water. After dialysis, the HV was freeze-dried again before being subjected to sequential chemical fractionation.
Sequential chemical fractionation
Organic solvent extraction (R1)
The free or unbound components were extracted by shaking HV (1 g) for 2 h at room temperature with a 15-mL solution of dichloromethane and methanol (DCM/CH 3 OH, 2 : 1, v/v). The extract was separated from the residue by centrifugation (15 min, 1500 g) in Teflon tubes, and the supernatant was removed.
The residue was further extracted with the same extracting solution (DCM/CH 3 OH) overnight at room temperature, and the supernatant was separated again by centrifugation.
Transesterification (R2)
The solid residue remaining from the organic solvent extraction (R1) was air-dried and placed in a screwstopper Teflon tube. Fifteen millilitres of a 12% solution of boron trifluoride in methanol (BF 3 -CH 3 OH) was added to the tube, which was then flushed with N 2 . After sealing, the tube was heated at 90
• C overnight. This procedure was repeated twice. Then, the supernatants were first separated by centrifugation (15 min, 1500 g) and filtered over a glass filter. The residue on the filter was rinsed with an additional 15 mL of CH 3 OH to completely remove the released compounds.
Methanolic alkaline hydrolysis (R3)
The HV residue from the previous step (R2) was hydrolysed for 1 h under reflux at 75
• C with 20 mL of a 1 M KOH-CH 3 OH solution in a three-neck round flask under N 2 atmosphere. After recovery of the supernatant by centrifugation (15 min, 1500 g) and filtration, the residue was refluxed twice with 20 mL of CH 3 OH for 30 min.
Hydroiodic acid hydrolysis (R4)
The residue after alkaline hydrolysis (R3) was hydrolysed overnight under reflux at 65
• C with 20 mL of 3 M Hydroiodic acid (HI). After recovery of the supernatant by centrifugation (40 min, 1500 g) and filtration, the residue was washed with abundant water. All residues (R1, R2, R3 and R4) were redissolved by titrating to pH 7.0 with 0.1 M NaOH and submitted to dialysis against distilled water until electric conductivity equilibrium with distilled water and freeze-dried.
Chemical analysis of humic matter from vermicompost residues from sequential fractionation
Elemental composition
The CHN (Carbon, hydrogen and nitrogen) elemental composition of the HV and the solid residues resulting from the four fractionation steps were evaluated using a Perkin Elmer CHN-14800 autoanalyzer.
Infrared spectroscopy
Diffuse reflectance infrared Fourier transform (DRIFT) spectra of the HV and the solid residues resulting from the four fractionation steps were recorded with a Shimadzu Prestige 21, equipped with a diffuse reflectance accessory, and accumulated up to 100 scans with a resolution of 4 cm −1 . Before DRIFT analysis, the dry samples were finely ground with an agate mortar and diluted with a KBr powder (5/300, w/w).
Solid-state nuclear magnetic resonance spectroscopy ( 13 C-CPMAS-NMR)
Cross-polarisation magic angle spinning (CPMAS) 13 C-NMR (nuclear magnetic resonance) spectra were acquired with a Bruker AVANCE 300 NMR spectrometer equipped with a 4-mm Wide Bore MAS probe and operating at a 13 C resonating frequency of 75.475 MHz.
The samples (100-200 mg) were packed in 4-mm Zirconia rotors with Kel-F caps and were spun at 13 ± 1 kHz. A 1 H ramp sequence was used during a contact time of 1 ms to account for the possible nonhomogeneity of the Hartmann-Hahn condition. In total, 2000 scans with 3782 data points were collected over an acquisition time of 25 ms and a recycle delay of 2.0 s. The Bruker Topspin 1.3 software was used to collect and analyse the spectra. All free induction decays (FIDs) were transformed by applying a 4 k zero-filling and a line broadening of 75 Hz.
Biological assays in tomato
Tomato (S. lycopersicum L. cv. MT) seeds were surface sterilised with a 3% NaClO commercial bleach for 15 min under agitation. The seeds were washed with sterile water, sowed in 11 × 11 × 4 cm germination boxes (gerbox) covered with water-moistened filter paper. The gerboxes were kept in growth cabinets at 25
• C with a 12-h photoperiod. Upon germination (4-5 days), the seedlings were treated with increasing concentrations (0, 1, 2, 4 and 8.0 mM C) of HV and solutions from residues of the sequential chemical fractionation (R1, R2, R3 and R4); eight replicates (one replicate means five seedlings per gerbox) were subjected to each treatment. The gerboxes harbouring the MT seedlings were transferred to a plant growth cabinet with a 10-h photoperiod, 120 μmol m −2 s −1 irradiance and 28/25
• C (day/night) temperature.
After regression analysis [number of lateral roots (NLRs) emerged from principal axis versus humic acid concentration expressed as mM C], a new experiment was carried out using the optimal (i.e. 4 mM C) concentration of each humic sample. Plants were grown for 5 days and then evaluated for NLRs emerged.
Micro-Tom diageotropica mutant assay
The dgt tomato mutant (Oh et al., 2006) is characterised by horizontal shoot and root growth, thin stems, hyponastic leaves, reduced lateral root development and insensitivity to exogenous indole-3-acetic acid (IAA). The mutation is in a single gene encoding a cyclophilin and had been introgressed into the MT genetic background in a previous work (Zsögön et al., 2008) . Thus, MT-dgt is a model to test if a given substance presents auxin-like activity. Seeds of MT-dgt were surface sterilised with 95% (v/v) ethanol for 5 min and with 0.7% (w/v) NaClO commercial bleach for 15 min. The tomato seedlings were treated with a solution of HV and solutions from residues of sequential fractionation (R1, R2, R3 and R4), after determining the appropriate concentration for each sample (as described earlier), or with 2 mM CaCl 2 as a control. Plates were incubated for 10 days at 25
• C and at a 16-h photoperiod.
After incubation, the number of emerged lateral roots was evaluated. The experiment was set up in a complete randomised design, with 10 replicates per treatment. Representative seedling phenotypes were photographed. Micro-Tom was also used as a control and is referred to as wild type in the text.
DR5::GUS reporter assay
Four-day-old DR5::GUS reporter transgenic MT tomato seedlings were treated with HV and residue derivatives for detection and comparison of auxin-like activity. The tomato seedlings were treated for 4 days with a solution of HV and solutions from residues of sequential fractionation (R1, R2, R3 and R4), after determining the appropriate concentration for each sample (as described earlier), or with 2 mM CaCl 2 as a control. Histochemical GUS staining was performed as described previously (Jefferson et al., 1987) with minor modifications: incubation time of the root segments for 1 day in a dark room and using the X-Gluc solution at 37
• C. Roots segments were observed under light microscopy; we searched for the diffuse blue product of the enzymatic reaction. The experiment was set up in a complete randomised design, with 10 replicates per treatment. 
Results
Spectroscopic characterisation
Diffuse reflectance infrared Fourier transform spectra of HV and solid residues resulting from chemical fractionation are shown in Fig. 1 . A large content of alkyl compounds was revealed in DRIFT spectra of HV (Fig. 1) by absorptions in the 2928-2866 cm −1 interval, which represented the symmetrical stretching vibrations of CH 2 groups in long-chain aliphatic molecules. Moreover, the signals at 1629 cm −1 , assigned to C=O groups in aliphatic carboxylic acids, may be related to the alkyl acids present as carboxylate ions and/or are involved in intermolecular hydrogen bonding, especially when considering the enlargement of broad band of absorption centred in 3414 cm −1 . The sharp signal at 1128 cm −1 is usually assigned to C-O bonds in both polyalcoholic and ether functional groups such as those of polysaccharides and simple carbohydrates. The R1 fraction showed the same qualitative DRIFT spectrum as that of unfractioned HV. However, as expected by the HV transesterification, an increase in signals centred at 1091 cm −1 was observed, due to the methyl ester linkages produced in R2. After alkaline hydrolysis (R3), a large increase in carboxylate and C=O groups was observed at 1651 cm −1 ; however, an absorption increase was noticed at 1409 cm −1 , due to the bending vibrations of the CH 2 groups and polysaccharides (1083 cm −1 ). The signals normally attributed to polysaccharides disappeared in R4. These alterations suggest a progressive degradation and sequential chemical fractionation of the most bioavailable compounds such as free lipids and proteinaceous and carbohydrate substances. The 13 C-CPMAS-NMR spectra of HV and residues from sequential fractionation are shown in Fig. 2 . The HV spectrum was dominated by signals in the alkyl-C (0-45 ppm) and O-alkyl-C (60-110 ppm) regions. The former region is composed of carbons in the (CH 2 )n and terminal CH 3 groups of plant lipid compounds, such as waxes and aliphatic biopolyesters. The 56-ppm shoulder of methoxy groups on the aromatic rings of the guaiacyl and syringyl units of the lignin structures also indicated plant woody tissues (Spaccini & Piccolo, 2007) . According to these authors, resonances in the O-alkyl-C region are to be assigned to monomeric units in oligo and polysaccharidic chains of plant woody tissues. The broad and intense signal around 72 ppm corresponds to the overlapping resonances of the C2, C3 and C5 carbons in the pyranoside structure of cellulose and hemicellulose, whereas the signals (shoulders) at 92 and 103 ppm are assigned to the anomeric C1 carbon. The aromatic region (110-160 ppm) did not reveal distinct resonances of carbon rings in the lignin structures. One weak band around 123 ppm and two broad signals between 129 and 134 ppm may be related to p-hydroxyphenyl rings of cinnamic units in both lignin and suberin biopolymers. A large signal in the aromatic region that is normally attributed to phenols was observed at 161 ppm. A prominent signal for quaternary carbons at 173 ppm is currently assigned to carboxyl groups.
After free lipid extraction by DCM:MeOH, a decrease in resonance at 24 ppm was observed in the R1 spectrum due to the loss of terminal CH 3 groups. The broad signals marked by doublet absorption at 30-32 ppm in the HV spectrum were transformed in a sharp signal at 33 ppm (R1). After transesterification (R2), we observed a noticeable decrease at 72 ppm followed by an increase of the 56 ppm signals due to the formation of methoxy groups. Alkaline hydrolysis (R3) promotes the reduction of the aromatic and alkyl regions, while the resonance in the O-alkyl-C region disappeared after HI hydrolysis (R4).
Root growth promotion
Micro-Tom tomato assays
Root promotion is often reported as the main effect of humic substances, although it also depends on plant species, humic source and concentration. To obtain an optimal concentration, a dose-response curve was designed for the HV and four residues of sequential chemical fractionation (R1, R2, R3 and R4) versus the NLRs emerged (Fig. 3) . A quadratic model description well explains the behaviour of the HV, R1, and R2 fractions, but not that of R3 and R4 fractions. The maximum effect of the HV, R1 and R2 fractions, obtained by the first derivative of related quadratic equations, corresponded to the concentration of 4, 2.5 and 3 mM C, respectively. The R3 and R4 residual fractions showed negative linear responses. Using the optimal concentration for HV, R1 and R2 and an arbitrary concentration of 1 mM C for R3 and R4, as well as that of 10 −6 M for IAA, a new independent assay was conducted, and lateral root emergence was measured (Fig. 4) . The promotion of lateral root emergence was twofold to threefold larger for the HV, R1 and R2 treatments compared to the control. In addition, the magnitude of HV lateral root promotion was greater than that of the IAA concentration used (Fig. 4) .
Micro-Tom diageotropica mutant
Visual features of root systems treated with IAA, HV and residues are shown in treatment with IAA, HV and the R1 and R2 fractions (Fig. 5) . In contrast, neither IAA, HV nor the all-residue fraction induced lateral root formation in the dgt mutant, which harbours a defective gene for auxin response. Fig. 6 shows the effect of HV and the residues of chemical fractionation on the induction of the auxin-responsive synthetic reporter DR5::GUS in tomato. DR5::GUS is used as a tool to visualise auxin responses in tissues and to mark the change in auxin accumulation/signalling in roots (Ulmasov et al., 1997) . The presence of auxin activity over the root axis in sites other than those commonly attributed to endogenous auxin accumulation in the control (C) indicates an additional contribution for exogenous IAA, HV and the residues R1 and, to a lesser extent, R4. The humic products from transesterification (R2) and from alkaline hydrolysis (R3) showed no differences in auxin-like activity with respect to the control treatment.
Micro-Tom DR5::GUS mutant assay
Discussion
In this work, we used a molecular fractionation method that progressively reduced the complexity of humic substances from vermicompost (HV), through a mild sequential removal of unbound or free components, weakly, and strongly bound molecules. Four fractions were thus obtained: R1 (following organic solvent extraction), R2 (transesterification), R3 (methanolic alkaline hydrolysis) Figure 4 Promotion of lateral root emergence in Micro-Tom tomato by humic matter from vermicompost (HV) (4 mM C), by optimal concentrations of R1 (2.5 mM C), R2 (3.0 mM C), R3 (1 mM C), R4 (1 mM C), and by 10 −6 M indole-3-acetic acid (IAA); 2 mM CaCl 2 was the control.
and R4 (hydroiodic acid hydrolysis). The auxin-like activity of each fraction was assessed through their biological effects on tomato cv. MT seedlings expressing DR5 auxin synthetic promoter fused to the GUS reporter gene (Ulmasov et al., 1997) and the low auxin-sensitivity dgt mutant (Kelly & Bradford, 1986 ). This approach is advantageous when compared to hormonal dosages, which does not by itself necessarily pick up the active compounds. This occurs because dosage methods are based on the detection of predetermined specific chemical species, which is a limitation when one takes into account that different chemical classes, such as the IAA and the phenolic 2,4-D, are both able to bind to the TIR1 receptor and thus to activate auxin responses (Tan et al., 2007) . The DR5::GUS assay used here is able to detect the auxin activity of not only IAA and 2,4-D but also of any other unidentified compound able to elicit the auxin signalling pathway.
Our data support the conclusion that the removal of free lipids from complex humic superstructures (fraction R1) presumably facilitated the release of auxin-like compounds to the rhizosphere and their subsequent access to target receptors at the rhizoplane level, thereby increasing the auxin signal over the root axis (Fig. 6, R1) . The similar pattern of GUS staining obtained using R1 and exogenous IAA application at 10 −6 M (Fig. 6 ) represent evidence that auxin activity was enhanced under the dynamic hydrophobic environment. The methylation reaction during R2 transesterification tends to preserve the original bioactivity and gave results similar to those induced by the bulk HV in the root induction, although with a less pronounced effect in the GUS staining (Figs 3-6) . Conversely, the hydrolysis reactions (R3 and R4) clearly reduced the biological activity of HV, although the R4 fraction enhanced the GUS staining (Figs 3-6 ). The decrease in the 13 C-CPMAS-NMR signal interval at 50-110 ppm by alkaline hydrolysis (R3) and its complete disappearance after HI hydrolysis (R4) are in line with the loss of HV bioactivity. The general preservation of the bioactivity in the fractions R1 and R2 and its attenuation in the fractions R3 and R4 indicate that the HV bioactivity is essentially linked to its hydrophobicity. Canellas et al. (2009) reported a significant relationship between the hydrophobic content in different humic substances and their bioactivity. Moreover, humic materials chemically modified by a number of reactions, including methylation, oxidation, reduction and acid hydrolysis, showed a relationship between root growth promotion and hydrophobicity . Interestingly, Canellas et al. (2010) , using a HPSEC (high performance size exclusion chromatography) approach, did not find a clear relationship between the size distribution of humic substances and their effect on root growth. The role of humic hydrophobicity may be explained by the biological conservation of the humic hydrophobic domains of active biofragments, which may be released . Decreased enzymatic activity in hydrophobic domains is assumed to contribute to the protection of hydrophilic compounds. The latter, when combined with the disruption of humic associations in solution, may become available to root cells. Furthermore, plants treated with humic substances enhance exudation of organic acids (Canellas et al., 2008) , leading to disruption of humic supramolecular associations.
The promotion of root growth did not come about through an increase in ion solubility, because the carboxylic region was negligibly affected by sequential chemical fractionation, as shown by the DRIFT (Fig. 1) and NMR spectra (Fig. 2) . However, the removal of humic components from HV by alkaline and HI hydrolyses drastically affected lateral root emergence in MT tomato. In addition, the auxin-insensitive dgt mutant did not respond to either the IAA, HV, R1 or R2 treatments, indicating that HV and its derivatives also require a functional auxin signalling pathway (Fig. 5) for bioactivity expression. However, the induction of the auxin-responsive synthetic promoter DR5::GUS in transgenic MT tomato plants by HV and some of its fractions (Fig. 6) is suggestive of auxin-like activity in the former materials, as proposed previously (Canellas et al., 2002; Quaggiotti et al., 2004; Dobbss et al., 2007; Trevisan et al., 2010) . Furthermore, as some residual fractions were no longer able to induce a specific auxin response element (Fig. 6 ) or root formation (Figs 3-5) , it is likely that the molecules with auxin activity were also removed from HV during these sequential fractionations. It therefore appears that there are specific structural domains of humic matter more suitable for entrapping or releasing compounds with putative auxin activity, and the hydrophobic strength is a key factor for the association, protection and diffusion of bioactivity traits.
In this work, we observed that HV from vermicompost was able to induce lateral root emergence to the same extent as exogenous IAA (Fig. 4) . This can be ascribed to the presence in HV of molecules with auxin activity or to other yet unidentified bioactive molecules. Auxin itself may have an intermediary role in lateral root development, while the primary effector could be, for instance, the iron deficiency that is well known to be involved in both the plant response to humic substances and the stimulation of lateral root development (Pinton et al., 1999; Ling et al., 2002) . Another primary action of HV could be colloidal stress, recently reported in the literature as being a physical effect of humic substances, which could reduce the hydraulic conductivity of roots, leading to an effect of mild water stress on root growth (Asli & Neumann, 2010) . In tomato, nitric oxide is required in the early stages of lateral root formation to regulate the expression on cell cycle genes downstream of the auxin signal (CorreaAragunde et al., 2004) . Zandonadi et al. (2010) reported that humic acids can modulate nitric oxide responses in maize lateral root induction. Thus, it is possible that the removal of a large number of molecular components from humic substances during the cleavage of more recalcitrant ester and ether linkages may have deprived HV of not only auxin-like compounds but also of other plant cell regulators originally present in the supramolecular HV structure. However, the fact that the R4 fraction failed to promote lateral root growth, while showing some auxin pathway activation, points to the possibility that some other functional groups present in structural humic arrangements are able to interact with auxin receptors. The opposite seems to occur in the case of R2 fraction. In fact, Aguirre et al. (2009) showed that humic matters without detectable concentrations of the main phytoregulators in their structure were able to induce plant growth. Different humic derivatives are a multicompositional mixture of several organic components and different structural components seem to be relatively low MW entities (Piccolo & Spiteller, 2003) , which support the concept about the supramolecular association of small components, through solution interactions, to form cross-linked networks resembling macromolecular aggregates (Peuravuori et al., 2007) . Taken together, the results presented here suggest that aromatic moieties are hidden in hydrophobic regions, which are not water accessible and can protect more polar molecules against degradation, and thus make them capable of interacting with cell sensors, such as those in the auxin signalling pathway.
